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Here we present evidence that a hemianopic patient with a lesion of the left primary
visual cortex (V1) showed an unconscious above-chance orientation discrimination with
moving rather than static visual gratings presented to the blind hemifield. The patient did
not report any perceptual experience of the stimulus features except for a feeling that
something appeared in the blind hemifield. Interestingly, in the lesioned left hemisphere,
following stimulus presentation to the blind hemifield, we found an event-related potential
(ERP) N1 component at a post-stimulus onset latency of 180–260 ms and a source
generator in the left BA 19. In contrast, we did not find evidence of the early visual
components C1 and P1 and of the later component P300. A positive component
(P2a) was recorded between 250 and 320ms after stimulus onset frontally in both
hemispheres. Finally, in the time range 320–440 ms there was a negative peak in right
posterior electrodes that was present only for the moving condition. In sum, there were
two noteworthy results: Behaviorally, we found evidence of above chance unconscious
(blindsight) orientation discrimination with moving but not static stimuli. Physiologically,
in contrast to previous studies, we found reliable ERP components elicited by stimuli
presented to the blind hemifield at various electrode locations and latencies that are likely
to index either the perceptual report of the patient (N1 and P2a) or, the above-chance
unconscious performance with moving stimuli as is the case of the posterior ERP
negative component. This late component can be considered as the neural correlate
of a kind of blindsight enabling feature discrimination only when stimuli are moving and
that is subserved by the intact right hemisphere through interhemispheric transfer.
Keywords: blindsight, perceptual awareness, event related potential, hemianopia
INTRODUCTION
The search for the neural correlates of visual consciousness is undoubtedly one of the most
exciting and challenging enterprises of cognitive neuroscience (see Panagiotaropoulos et al.,
2014). Currently, there are two basic approaches to tackle this challenge: One is to study
healthy participants with visual stimuli rendered invisible by means of various psychological or
psychophysical procedures, such for example visual masking or subliminal stimulation. The crucial
strategy here is to compare the neural response to the same stimuli when yielding conscious vs.
unconscious performance, see Schmid and Maier (2015), for a recent review. The other approach
is to find out what are the cognitive and neural mechanisms that enable some patients with cortical
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blindness to perform above chance in various visual tasks
despite lack of perceptual awareness. This approach was
pioneered by Poeppel et al. (1973) and Weiskrantz et al.
(1974) who demonstrated that stimuli presented to the
blind hemifield of hemianopic patients could be reliably
spatially located either with saccadic or manual pointing
movements despite lack of perceptual awareness. Following
these initial findings, a vast series of studies has provided
precious information on the functions that can be carried
out without perceptual awareness, a phenomenon termed
“blindsight” by Weiskrantz et al. (1974). Even though some
findings have been questioned (see Cowey, 2010), the bulk
of the results provides robust evidence, see reviews by
Weiskrantz (2004, 2009), Danckert and Rossetti (2005) and
Tamietto and Morrone (2016), of the existence of this
phenomenon and of its relevance for trying to select out
mechanisms related to the shift from unconscious to conscious
perception.
Both the above approaches have yielded key information
for understanding the limits and the capacities of unconscious
vision, that is, to what extent cognitive functions depend on
perceptual awareness, see recent evidence in healthy participants
by Koivisto and Rientamo (2016). However, it is the latter
(neural) approach that is obviously better suited to enable
a search of the neural structures involved in the shift from
unconscious to conscious vision. In particular, important
evidence has been gathered by means of various brain imaging
techniques (see Urbanski et al., 2014 for a general review) such
as functional magnetic resonance imaging (fMRI) (Martin et al.,
2012; Barleben et al., 2015; Ajina et al., 2015a,b,c) or event
related potentials (ERPs), see Railo et al. (2011) for a review.
Moreover, further important information has been provided by
behavioral studies in blindsight patients with either selective
cortical lesions (see for a recent review Chokron et al., 2016) or
hemispherectomy (Tomaiuolo et al., 1997; Ptito and Leh, 2007;
Leh et al., 2010; Georgy et al., 2016). Finally, interesting evidence
has been provided by studies of blindsight in non-human
primates (Stoerig and Cowey, 1997; Leopold, 2012; Schmid and
Maier, 2015) recently including marmosets (see review by Hagan
et al., 2016).
All that said, one of the main unanswered questions
concerns the temporal aspects of the processing of unconscious
with respect to conscious visual information. That is, at
what processing stage and at what corresponding neural
level does perceptual awareness emerge? Clearly, fMRI is
not ideally suited for answering this question given its
relatively low temporal resolution. In contrast, non-invasive
electrophysiological techniques such as electroencephalography
(EEG), and in particular ERP, with its optimal temporal
resolution constitute an invaluable tool that we have used in the
present study.
From a theoretical point of view there are two main positions
on the time of emergence of perceptual awareness: On one
side, there are theories positing an early activation of the visual
cortex as a crucial site, such as, for example, the Recurrent
Processing (RP) theory of Lamme (2010). On the other side,
there are theories positing a later activation in fronto-parietal
areas, such as for example the global workspace theory (GWT)
proposed by Dehaene and Naccache (2001). Both theories are
somewhat controversial: For example, it has been shown that
some patients with V1 lesion could still report some form of
awareness especially with fast-motion stimuli (Barbur et al., 1993;
Ffytche et al., 1996; Milner, 1998; Ffytche and Zeki, 2011) or
with TMS stimulation of the intraparietal sulcus (IPS) (Mazzi
et al., 2014; Bagattini et al., 2015) and this is not in keeping with
the RP theory. However, it should be noticed that whether this
form of awareness is visual or not is still debated and difficult to
demonstrate, see for example Macpherson (2015). By the same
token, also the GWT has received some criticism, for example as
a result of the findings of a negative ERP component recorded
around 200 ms post stimulus onset, i.e., in N1 domain, over
posterior cortical areas that correlates with different degrees of
visual awareness (Koivisto and Grassini, 2016; Tagliabue et al.,
2016; for review see Koch et al., 2016).
To try and further explore the problems raised by the
above controversial picture, in the present study we focused on
assessing whether and at what latency stimuli presented to the
blind hemifield of hemianopic patients can elicit visually evoked
responses that might correlate with the presence of blindsight
or residual conscious vision. ERP studies of blindsight are
rather scanty: There have been some attempts, with contrasting
results, to find reliable ERP responses following blind hemifield
stimulation, see Kavcic et al. (2015) for a review. In a pioneering
paper, Shefrin et al. (1988), found in one hemianopic patient
with blindsight a P300 component when a target word was
presented to the blind field. However, interestingly, no P100 was
found in this as well as in the hemianopics without blindsight
tested. In Kavcic et al. (2015) study there was no evidence
of reliable behavioral response to moving dots presented to
the blind hemifield and no evidence of ERP response in the
damaged hemisphere. However, they found that the damaged
hemisphere could be activated via interhemispheric transfer from
the intact hemisphere. Importantly, this was the case only in
left brain-damaged patients suggesting that the right hemisphere
has a special ability to transfer visual motion information to the
other hemisphere, see behavioral evidence for this possibility in
Marzi et al. (1991). At any rate, apart from possible transfer
asymmetries, Kavcic et al.’s results show that the presence of
viable callosal or extracallosal connections between intact and
damaged hemisphere is of key importance for understanding the
mechanisms of plastic reorganization possibly leading to partial
or total restoration of vision (see discussion in Celeghin et al.,
2015b).
In the present study, we tested two hemianopic patients
with a V1 lesion as well as healthy participants in an orientation
discrimination of moving or static visual gratings while recording
ERPs. We found an interesting relationship between behavioral
performance, subjective report, and electrophysiological
responses which provides novel information on timing and site
of emergence of a sort of rudimental perceptual awareness.
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MATERIALS AND METHODS
Participants
Healthy Participants
Eight healthy participants (3 males, 27± 6 years old) were tested
as visually intact controls.
All were right-handed with normal or corrected-to-normal
vision and with no history of neurological or cognitive disorders.
Hemianopic Patients
Patient LF
LF (female, 49 years old, right-handed) has a left superior
quadrantanopia (Figure 1A) as a consequence of an ischemic
stroke. The lesion involves the cortex of the anterior half of the
right calcarine fissure up to the origin of the parieto-occipital
fissure (Figure 1C). The patient was tested 30 months after the
ischemic event.
Patient SL
SL (female, 47 years old, right-handed) has a right homonymous
hemianopia with partial foveal and upper hemifield sparing
(Figure 1B) as a consequence of an ischemic stroke with
hemorrhagic evolution. The lesion involves the median para-
sagittal portion of the left occipital lobe, with peri-calcarine
fissure distribution (Figure 1D). The patient was tested 69
months after the event.
Healthy participants and patients signed an informed consent
to participate in the study as well as to their personal information
be anonymously published. The study was approved by the Ethics
Committee of the Azienda Ospedaliera Universitaria Integrata of
Verona and of the ERC and conducted in accordance with the
2012-13 Declaration of Helsinki.
Behavioral Procedure and Statistical
Analysis
Healthy and brain-damaged participants were tested in a light-
dimmed room. They were comfortably seated in front of a 24-
inch LCD monitor (ASUS VG248) with a refresh rate of 144
Hz driven by a PC used for stimulus presentation. The stimuli
were black and white square-wave gratings of 4◦ of visual angle
with a Michelson contrast of 100% against a gray background
of 18.33 cd/m2 and a spatial frequency of 0.8750 c/◦. The
gratings’ mean luminance was 29.46 cd/m2.. They could have
either a vertical (0◦) or horizontal (90◦) orientation and could
be static or moving (apparent motion), vertical gratings drifting
rightward and horizontal gratings drifting downward. Stimuli
were generated using PsychToolBox-3 (Brainard, 1997) running
on Matlab1. The retinal eccentricity of stimulus presentation
used for healthy controls was 9◦ measured from the inner
portion of the display to the central fixation point along the
horizontal meridian and 7◦ along the vertical meridian in the
upper visual field, while for hemianopic patients the eccentricity
varied according to the field defect (Patient LF: 13◦ horizontally
and 7◦ vertically; Patient SL: 16◦ horizontally, 7◦ vertically).
1MATLAB version 8.2.0 (R2013b) Natick, Massachusetts: The MathWorks, Inc.,
2010.
FIGURE 1 | Hemianopic Patients: (A) Visual field defect in patient LF; (B)
Visual field defect in patient SL; (C) reconstruction of the lesion in patient LF;
(D) reconstruction of the lesion in patient SL.
The behavioral paradigm (Figure 2A) consisted of four
different trial blocks repeated four times (960 trials) and
alternating in the following order: Static gratings in the right and
then in the left field, moving gratings in the right and then in the
left field. In patients the sequence started from the intact field,
a block consisted of 60 trials of vertical or horizontal gratings
presented in random order; in 30% of the trials no stimuli were
presented (catch trials). Participants were asked to perform an
orientation discrimination task regardless of whether the stimuli
were moving or static. Trials started when a fixation cross of
0.15◦ appeared in the center of the screen for 300 ms, followed
by an acoustic tone (1,000Hz). After a random interval (300–
600 ms) the stimulus was presented to the left or right hemifield
for 150ms and participants had 1,500 ms to press as quickly as
possible one of two keyboard keys, using the right or the left
index finger to signal a vertical or horizontal grating, respectively
(counterbalanced across subjects). The inter-trial interval was
1,000ms. Importantly, patients were asked to press one of the two
keys also when they did not perceive any stimulus in the blind
hemifield (including catch trials).
For statistical analysis we used a two-tailed binomial test
which in patients allowed to assess if performance in the blind
hemifield was significantly higher than chance level (50%). Two
binomial tests were performed, one for the motion condition and
one for the static condition.
EEG Recording and Analysis
EEG activity was continuously recorded from 64 active electrodes
(actiCap, Brain Products GmbH, Munich Germany) placed
according to the 10-10 International System and was acquired
in one experimental session with BrainAmp (Brain Products
GmbH, Munich, Germany) and BrainVision software. All scalp
electrodes were referenced online to the left mastoid and re-
referenced oﬄine to the arithmetically derived average of left
and right mastoids. The ground electrode was placed at AFz
position. Additionally, horizontal and vertical eye movements
were recorded with four electrodes placed at the left and
Frontiers in Neuroscience | www.frontiersin.org 3 May 2017 | Volume 11 | Article 290
Bollini et al. Neural Responses from an Hemianopic Field
FIGURE 2 | Experimental procedure and Behavioral results. (A) Experimental procedure: First, a fixation cross was presented for 300 ms followed by an
acoustic tone lasting 100 ms. After a random interval (300–600 ms) the stimulus was presented for 150 ms. The subject had 1500 ms to respond by pressing a
keyboard button. The inter-trial interval lasted 1,000 ms. (B) Behavioral results: Percentage of correct responses in each hemifield for each condition in both patients.
The asterisk indicates that the number of correct responses in the motion condition was significantly different from the chance level of 50%.
right canthi and above and below the right eye, respectively.
Impedance was kept below 5 k for each electrode. The EEG was
recorded at 1,000 Hz sampling rate with a time constant of 10 s
as low cut-off and a high cut-off of 1,000 Hz with a 50Hz notch
filter. The EEG signal was processed oﬄine using a combination
of custom scripts written in Matlab1 and EEGLAB toolbox
(Delorme and Makeig, 2004). Continuous data were bandpass
filtered oﬄine between 1 and 100 Hz. The continuous raw data
were visually inspected and large signal jumps such as muscle
twitches or electrode cable movements were rejected and bad
channels were interpolated. Independent component analysis
(ICA) decomposition with logistic infomax algorithm Runica
(Bell and Sejnowski, 1995; Makeig et al., 1996) was performed
(Lee et al., 1999) to separate brain and non-brain source
activities. Stereotyped artifacts like blinks were corrected by
identification of the corresponding ICs. After artifact correction
and source localization, a mean of 24 ICs (STD= 4.83) remained
for each subject. Next, data epochs were extracted (from 200
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before to 800 ms after stimulus presentation) and baseline
corrected (from 200 ms before to stimulus onset). At this point
the data were downsampled to 250Hz. To assess the ERP
responses of patients in the blind field and differences among
the experimental conditions, a single-case analysis procedure was
adopted. Percentile Bootstrap re-sampling (Efron and Tibshirani,
1993) was drawn on each trial of every condition of a patient. The
percentile bootstrap method uses surrogate tests which consist
of randomly re-sampling with replacement for 5,000 times the
original trials among the conditions to create a data distribution
from the shuﬄed data. Surrogate tests have the advantage to
make no assumptions about the data. The bootstrap simulation
allowed estimation of the patient sampling distribution adapted
to any shape suggested by the data, taking into account variance
and skewness of the sample. Next, point-by-point ANOVAs or T-
tests were performed on all channels with the bootstrap data in
order to identify differences between catch trials and the moving
and static condition. The false discovery rate (FDR) correction
(Benjamini and Yekutieli, 2001) was applied to correct for
multiple comparisons. In addition, ERP envelope (i.e., minimum
and maximum of all electrodes at every time point) was used
to calculate which IC gave the largest source contribution to the
EEG signals in term of PVAF (percent of variance accounted):
PVAF(IC) = 100− [100∗mean(var(all_data− back_proj))/
meanvar(all_data)]
Where “var” stands for variance; “data” refers to EEG signals, as
well as the matrix channels x time-points; finally, “back_proj”
refers to the ERP activity of the selected IC back-projected to
the scalp ERPs (as a forward projection from cortical source
to the scalp channels), thus PVAF indicates the contribution of
the IC to the ERP (Lee et al., 2015). With this procedure we
selected the ICs that maximally accounted for variance at the
electrodes. The same procedure was applied for both patients and
controls, with the exception that in the control group we used
clusters of ICs, which were identified by means of an automated
K-means algorithm procedure on scalp maps, ERPs and dipole
localizations. In order to better understand the dynamics that
underlie the generation of the ERPs in the blind field we used a
source reconstruction based on an empirical Bayesian approach.
The estimation of the current sources of the ERP components was
carried out by using the Statistical Parametric Mapping software
(SPM12 of the Wellcome Trust Centre for Neuroimaging, UK).
The patient individual T1-weighted structural MRI image was
used. The forward computation to prepare the lead field for
the subsequent inversions was performed using the boundary
element method (EEG-BEM) that create closed meshes of
triangles with a limited number of nodes by approximating
the compartments that conform the volume conductor (Fuchs
et al., 2001). Successively, the inverse solution was computed on
the entire ERP period after stimulus onset (i.e., from 0 to 800
ms) by using coherent smooth prior method (COH) (Friston,
2008) smoothness prior similar to LORETA (Pascual-Marqui
et al., 2002). Sources in each time window of interest were
visualized in terms of maximal intensity projection (MIP) with
the corresponding MNI coordinates. Lastly, to compare the EEG
FIGURE 3 | Healthy participant’s grand average ERPs for the motion,
static and catch condition as recorded at electrode Pz. The top and
bottom inlets show the topography scalp map for each condition at the time
window of N1 (bottom) and P300 (top).
data of patients in the intact field with those of healthy controls
single-case analyses were performed. The Revised Standardized
Difference Test (RSDT) developed by Crawford and Garthwaite
(2005) was performed to compare the differences between the
patients’ scores in the ipsilesional and contralesional electrodes
for stimuli presented to the intact and blind hemifield. The
mean amplitude of the ERP components was identified by visual
inspection and was compared to that of healthy controls. Pair-
wise electrodes from left and right hemisphere were selected (F3-
F4, F5-F6, FC3- FC4, FC5-FC6, C3-C4, C5-C6, CP3-CP4, CP5-
CP6, P3-P4, and P5-P6).
RESULTS
Behavior
Healthy Controls
The performance of healthy controls was accurate and fast: Right
static stimuli= 97.3% correct responses and Reaction Time (RT)
= 567 ms; right moving stimuli= 98.6%, RT= 554 ms; left static
stimuli = 97.8%, RT = 561 ms; left moving stimuli = 98.7%, RT
= 554 ms). These data indicate a low task difficulty. There were
no statistically significant differences in accuracy or RT between
hemifields and between moving and static stimuli.
Patients
Figure 2B shows the discrimination accuracy of the two patients
in the two hemifields. In the intact hemifield performance was
comparable both in accuracy and RT to that of healthy controls
(Patient LF: right static = 99.4%, RT = 608 ms; right moving
= 99.5%, RT = 552 ms. Patient SL left static = 96.2%, RT
= 531 ms; left moving = 99.4%, RT = 577 ms). In the blind
hemifield LF performed at chance level with 53.9% (p = 0.426)
correct responses for static stimuli and 41.06% correct responses
for moving stimuli (p = 0.089). She did not report any visual
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FIGURE 4 | Patient LF: ERPs in the blind (top) and sighted field (bottom) as recorded at P3 (left-intact hemisphere) and P4 (right-damaged hemisphere) for the
three stimulation condition.
sensation upon stimulus presentation. In contrast, SL performed
at chance level with static stimuli (55.03%; p = 0.400) but with
moving stimuli her performance was significantly above chance
with 65.56% correct responses (p < 0.005). Interestingly, the
patient reported “a feeling of something appearing in the blind
field” during stimulus presentation without any idea of gratings’
orientation or whether they were static or moving.
EEG
Healthy Controls
Figure 3 shows the ERP responses as recorded at electrode Pz.
With a peak detection procedure we found a negative C1 at
75 ms, the sign being in keeping with the site of stimulus
presentation in the superior quadrant of the visual field (Jeffreys
and Axford, 1972) and therefore with a V1 generator. We found
a P1 component at 110 ms; a N1 at 185 ms and a large P3
between 310 and 480 ms. A non-parametric t-test on the mean
amplitude of the peaks showed a difference between static and
moving stimuli only for the N1 component with a larger negative
amplitude at the following electrodes: CP6, P1, P2, P4, P6, P7,
P8, PO3, PO4, PO8, PO10, O1, Oz, O2 (with a p-value < 0.05).
These differences were mainly observed in the right hemisphere
regardless of the side of visual field of stimulus presentation.
Patients
LF
Blind hemifield. Figure 4 shows the ERP responses as
recorded at electrode P3 (intact hemisphere) and P4 (damaged
hemisphere) for the two hemifields and the three stimulation
conditions. As can be seen from Figure 4 there are no reliable
ERP responses when the stimulus was presented in the blind
field, in keeping with the performance of the patient that was
at chance level and without any stimulus-related sensation. A
bootstrap ANOVA did not yield any difference between stimulus
present and stimulus absent (catch) (all p-value were above 0.05
without multiple comparisons correction).
Intact hemifield. In contrast, when the stimulus was presented
in the intact hemifield ERP responses were similar to those
of healthy participants both in latency as well as in amplitude
(Figure 4 bottom panel). The differences between responses from
left and right hemisphere were similar to those of the control
group as demonstrated by the RSDT test where no pair of
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FIGURE 5 | Patient SL: ERPs in the blind (top) and sighted field (bottom) as recorded at P3 (left-damaged hemisphere) and P4 (right-intact hemisphere) for the
three stimulation condition.
electrodes yielded reliably different responses with respect to
controls (all p-value> 0.05).
SL
Blind hemifield. Figure 5 shows the ERP responses as
recorded at electrode P3 (damaged hemisphere) and P4 (intact
hemisphere) for the two hemifields and the three stimulation
conditions. In contrast to LF, visual inspection shows an early
prominent negative component (N1) immediately followed by a
positive (P2a) peak and later on by a long lasting negativity. The
N1 is more pronounced in the damaged hemisphere.
Overall scalp distribution. Figure 6 shows the overall scalp
distribution of responses for the two hemifields of SL. As
mentioned above, a large negative peak (N1) is clearly visible
between 180 and 260 ms after stimulus onset. It is present
both for static and moving stimuli and is widespread across left
hemisphere electrodes with a larger amplitude with respect to the
right hemisphere. It is important to underline the absence of the
early ERP components C1 and P1 and also of the later component
P3. Immediately after the early negative frontal peak (N1) there
is a positive component (P2a) visible in both hemispheres and a
later component at posterior electrodes in the right hemisphere.
Below we describe and analyze in detail these three components
that index different aspects of the patient performance and
subjective report.
N1. A bootstrap ANOVAwas conducted for the three conditions
of stimulus presentation (static, motion and catch). The main
results are shown in Figure 7: Significant FDR corrected p-values
ranged between 0.00084 and 0.04977. As shown by the raster plot,
the main difference between stimulus present and catch was in
the N1 domain, in particular in the left posterior channels. In
order to assess the reliability of the N1 peak two bootstrap t-tests
were conducted: Moving vs. catch condition and static vs. catch.
As can be observed in Figure 8 the results of the two tests were
very similar (all significant FDR p-values ranged between 0.00042
and 0.04430). An important point is that the N1 component was
mainly present in the ipsilesional electrodes, i.e., contralateral to
the blind hemifield in the damaged hemisphere, see Figure 6. In
order to examine its origin the PVAF (i.e., what percent of the
scalp signal is reduced when a specific independent component
IC is removed) was calculated from the ERP envelope for each
condition of stimulus presentation (Figure 9). The result of this
analysis showed that IC16 accounted for more than 80% of the
ERP variance in that window; for the moving condition the PVAF
was 81.8% with the maximum of variance at 224 ms; for the static
condition was 82.2% with the maximum at 220 ms.
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FIGURE 6 | Patient SL: Scalp distribution of the ERPs when the stimulus is presented in the blind field. Note that the large negative peak (N1) is present in
most electrodes in the left (damaged) hemisphere, while the frontal peak (P2a) is present in both hemispheres in the fronto-central electrodes. Finally, in the right
posterior electrodes is present a late negativity selective for the motion stimuli.
For the catch condition the IC16 accounted only for the 4.4%
of the variance while the IC with the highest PVAF accounted
for the 18.8% (IC4). Thus, IC16 was specifically involved in
the generation of the N1 peak following stimulus presentation.
Furthermore, we conducted a 3D source reconstruction in the
time window of the peak. In this window the MIP was at MNI
coordinates (−47, −79, 12), i.e., in the left extra-striate area,
BA19, see Figure 10.
P2a. At left fronto-central electrodes a significant positive peak
was found immediately after N1, with a small amplitude and
a latency between 250 and 320 ms after stimulus onset. It was
present for both moving and static stimuli (the significant FDR
corrected p-values for the motion condition against the catch
ranged between 0.0031 and 0.0443 and those for the static
condition ranged between 0.0061 and 0.0351), see Figure 11.
This component has a spatio-temporal distribution similar to
a positive component referred to in the literature as anterior P2
(P2a: Potts et al., 1996; Potts and Tucker, 2001; Brignani et al.,
2009) or frontal P3 (P3f: Makeig et al., 1999) and also as frontal
selection positivity (FSP: Kenemans et al., 1993; Martens et al.,
2006). Indeed, its latency between 200 and 300 ms after stimulus
onset, a positivity distribution in the frontal electrodes, and the
fact that its peak emerges immediately after the N1 are similar to
the typical characteristics of the P2a.Moreover, we found that this
component was significantly different from catch trials for both
motion and static stimuli.
Late posterior negativity. Finally, an additional bootstrap t-test
was conducted between static and moving trials in the time
range of 320–440 ms (Figure 12). This time window was chosen
because of the presence of a negative peak in right posterior
electrodes that was present only for the moving condition.
The results showed a significant difference between static and
motion conditions for posterior right channels (P4, P6, P8, PO4,
PO10, and Oz) as well as T7 in left hemisphere (significant
FDR corrected p-values ranged between 0.0024 and 0.0175). The
envelope in this time window, see Figure 9 showed that the IC
accounting for most of the variance was IC16 with PVAF of
49.4% in the moving condition, while in the static condition its
contribution was negligible (PVAF−3%).
Intact hemifield. The patient’s ERPs when the stimulus was
presented in the intact hemifield were similar to healthy
participants in latency as well as in amplitude (Figure 5
bottom panel). Notice the presence of a large P3 component
in the contralateral hemisphere. The difference between the
responses from the impaired and unimpaired hemisphere are
similar to responses from the two hemispheres in the control
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FIGURE 7 | Patient SL: Raster data resulting from the bootstrap ANOVA across all electrodes and the three conditions of blind field stimulation. Color
points represent the p-values after the FDR correction for multiple comparisons. Ordinates: left, electrode sites; right, p-values. Abscissae: post-stimulus onset time
(ms).
FIGURE 8 | Patient SL: Percentile Bootstrap re-sampling t-test
between stimulus against no-stimulus conditions in the time window
of the N1. On the left side, Scalp maps representing motion against catch
condition (upper panel) and static against catch condition (lower panel); Right
side, distribution of the p-values after correction for multiple comparison.
group as demonstrated by the RSDT test, where no pairs of
electrodes of SL resulted different from controls (all p-value >
0.05).
DISCUSSION
N1-P2a Components
As described in the Results, patient SL upon stimulus
presentation in the blind hemifield reported that she had no clue
as to the features of the stimuli, i.e., about their orientation or
whether they were static or moving. However, she was consistent
in discriminating catch from stimulus trials, as reported in
preliminary testing and in another study (Mazzi et al., 2016), as
well as after each trial block of the present study, in reporting
the occurrence of the stimuli as “something appearing in the
visual field.” In contrast, the other hemianopic patient LF
never experienced the presence of the stimuli or a difference
between catch and stimulus trials. An important finding is
a clear correspondence between the subjective reports of the
two patients and their electrophysiological responses to stimuli
presented to the blind field. Patient LF did not provide any
perceptual report while in SL two ERP components could be
considered as likely correlates of her report, namely N1 and
P2a. Both components were present irrespective of whether
the stimuli were static or moving and therefore cannot be
considered as related to the behavioral evidence of a static-
motion discrimination but rather to the “feeling that something
appeared in the blind field”. The time window of the N1-
P2a components is roughly compatible with that of the Visual
Awareness Negativity (VAN) that is, a ERP component resulting
from the difference between conscious and unconscious stimulus
processing (Koivisto and Grassini, 2016; Koivisto et al., 2016).
Notably, the electrode location where the N1 was clearly
detectable was widespread in the ipsilesional hemisphere, see
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FIGURE 9 | Patient SL: Envelope of the ERP (black line) for the three conditions of stimulus presentation to the blind field. The green line represents the
contribution of the most prominent IC when the stimulus, either static or moving is presented. The red line represents the contribution of the most prominent IC during
catch trials. The dotted lines represent the time window considered for the PVAF.
Figure 6. Its source could be located mainly in the extrastriate
cortex (BA 19) of the left and, to a lesser extent, of the right
hemisphere. It is important to underline that, in contrast to N1,
the early components, C1 and P1, and the later component, P300,
were absent following blind field stimulation. The absence of C1
and P1 might explain the incapacity of SL to discriminate the
orientation of static stimuli and is a likely consequence of the
striate cortex lesion impairing initial basic sensory processing
with static stimuli. In healthy subjects, the N1 was followed
by a small amplitude complex P2-N2 and by a very large
P300 while this was not the case in SL. This is in keeping
with her lack of full stimulus awareness. Thus, we believe
that the presence of N1 and P2a might be considered as
an electrophysiological correlate of degraded conscious vision.
This possibility is reinforced by the source of N1 in BA 19
which is broadly in agreement with Bagattini et al., (2015),
Koivisto and Grassini (2016) and Tagliabue et al. (2016), and
with the hypothesis of an early site of emergence of perceptual
awareness. In the present case, however, it is awareness of
degraded rather than full vision. The relationship between N1
and perceptual awareness is controversial. On one hand N1
has been repeatedly associated with selective attention, see
Mangun (1995), rather than with consciousness. In keeping
with that, Sergent et al. (2005) in an attentional blink paradigm
found that the presentation of unseen words yielded a P1
and N1 component prior to emergence of consciousness that
occurred at later processing stages. On the other hand, there
is evidence for a link of N1 with awareness. For example, in
a face inattentional blindness paradigm Shafto and Pitts (2015)
found that the N170 was present only in the aware condition.
Studies of binocular rivalry have also provided important
information on the physiological correlates of consciousness.
For example, Kaernbach et al. (1999) and Roeber and Schröger
(2004) have shown that changes of perceptual awareness are
witnessed by changes of the N1 component and this is in
accord with an early emergence of consciousness probably
made possible by feedback processes involving V1, see Di
Lollo et al. (2000), Lamme and Roelfsema (2000), and Tong
(2003). Thus, although debated, the involvement of N1 in
an early onset of perceptual awareness seems to have solid
grounds.
Late Posterior Negativity
Starting from the historical finding by Riddoch (1917), who
provided evidence of residual degraded vision for moving
stimuli in cortically blind patients (Zeki and Ffytche, 1998),
that motion stimuli are the most frequent protagonists of
above chance unconscious discrimination (blindsight type 1)
is a well-established notion, see Ajina and Bridge (2016)
for a recent review and Azzopardi and Cowey (2001) for
controversial evidence. In the present study, the novel finding
is that the presence of motion made possible the above-
chance discrimination of another visual feature, namely pattern
orientation. Patient SL was able to discriminate orientation
only when the gratings drifted either horizontally or vertically.
This effect might be attributed to activity of cortical motion
area V5/MT receiving input from subcortical centers bypassing
V1 (Ajina et al., 2015a; Kavcic et al., 2015) and retaining the
capacity of discriminating apparent motion in the absence of V1.
Importantly, the ERP results in patient SL showed a difference
between the static and the motion condition in the posterior
electrodes of the intact right hemisphere, see Figure 13, as a
negative peak around 390 ms post stimulus onset. The PVAF
analysis showed that this peak could be accounted for by the
same ICs as for the N1 but bilaterally distributed and is in
agreement with V5/MT activity. Thus, moving stimuli engage
large neuronal pools that enable an effective interhemispheric
transfer of directional movement information presumably at
parietal level. In keeping with this possibility is the finding
in the present study of ERP differences between moving and
static stimuli in the right hemisphere of healthy controls. In
addition, these results are in accord with Kavcic et al. (2015) who
found an interhemispheric transfer of motion information in
hemianopic patients with left but not right hemisphere damage.
Indeed, one likely possibility is that the blindsight exhibited by
patient SL might be subserved by the intact (right) hemisphere
as a result of interhemispheric integration and this is in broad
agreement with the results of Celeghin et al. (2015a) who
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FIGURE 10 | Patient SL: 3D source reconstruction of the ERPs when the stimulus was presented in the blind hemifield. (A) Time course of the region with
maximal activity for the three conditions. For both motion and static stimuli the MIP is at the same time (corresponding to N1 latency) in the extra-striate cortex (BA19).
(B) MIP of the 512 greatest source strengths within MNI space projected onto a glass brain for the motion condition. The area at the highest density correspond to left
BA 19. (C) MIP of the statistical map for the motion condition projected on the T1-weighted images of patient SL showing both the lesion and in red the source
reconstruction. (D) Summary power image from source reconstruction of motion stimuli presentation to the blind hemifield on a 3D rendered image.
found that in hemianopic patients the above-chance visuo-motor
responses in a simple RT paradigm depended on the intact
hemisphere as a result of interhemispheric transfer. This is in
broad keeping with Silvanto et al.’s (2007) results on hemianopic
patient GY. They found that he experienced visual phosphenes
in the blind hemifield following bilateral transcranial magnetic
stimulation (TMS) of area V5/MT, while this was not the case
with unilateral stimulation on the damaged hemisphere. This
is clearly in support of a crucial contribution to the emergence
of a form of visual awareness in an otherwise blind visual
field.
CONCLUSION
In conclusion, we found that a hemianopic patient with a
selective lesion of left V1 showed an above-chance discrimination
of the orientation of moving visual gratings presented to the
blind hemifield. Importantly, the patient reported no visual
experience of the different features of the stimuli but a visual
sensation that something appeared in the blind hemifield. This
subjective observation found an electrophysiological correlate in
the presence of a N1 and of a frontal P2a component. In contrast,
the earliest visual components such as C1 and P1 and the later
P300 could not be identified.
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FIGURE 11 | Patient SL: Percentile Bootstrap re-sampling t-test
between stimulus against no-stimulus conditions in the time window of
the P2a. On the left side, Scalp maps representing the motion against catch
conditions (upper panel) and static against catch conditions (lower panel);
Right side, distribution of the p-values after correction for multiple comparison.
FIGURE 12 | Patient SL: Percentile Bootstrap re-sampling t-test
between Blind Motion and Blind Static conditions in the time window
from 320 to 440 ms. On the left side, Scalp maps representing the Bootstrap
t-test to compare the motion against static; on the right side the distribution of
the p-values after the correction for multiple comparison.
Thus, as to the earliest physiological correlate of perceptual
awareness our results support an early stage occurrence.
However, this conclusion applies to a form of degraded visual
experience and might not necessarily be generalized to onset of
full perceptual awareness.
As far as the blindsight effect found for the discrimination
of the orientation of moving stimuli is concerned, a very
likely physiological correlate is represented by the posterior
late negative component in the intact right hemisphere. It
is important to reiterate that the behavioral performance of
patient SL can be classified as a form of blindsight made
possible by stimulus motion. This behavior is independent from
FIGURE 13 | Patient SL: Envelope of the ERP (black line) for the motion
condition of stimulus presentation to the blind field. The green and blue
lines represent the contribution of the two most prominent ICs. The dotted
lines represent the time window considered for the PVAF.
the perceptual awareness experienced by the patient in so far
as she reported the same degraded visual sensation for both
static and motion stimuli, while the unconscious above-chance
performance emerged only in the motion condition.
Finally, one should note that patient SL underwent a stroke
about 6 years before the present testing and that this suggests
the possibility of plastic neuronal reorganization of her cortical
and subcortical areas. It would be interesting to gather further
information in future testing sessions to find out whether this
reorganization is still in progress and might further enable a shift
from totally or partially unconscious behavior to full perceptual
awareness.
AUTHOR CONTRIBUTIONS
AB conducted the research, analyzed the data, and drafted
the manuscript. JS conducted the research and collaborated
to data analysis. SS discussed the data and revised the
manuscript. CM discussed the data and revised the
manuscript.
FUNDING
This research was supported by ERC Grant 339939 Perceptual
Awareness (PI: CM).
ACKNOWLEDGMENTS
We thank Caterina Annalaura Pedersini for her help on patient’s
recruitment and preliminary neuropsychological testing.
Frontiers in Neuroscience | www.frontiersin.org 12 May 2017 | Volume 11 | Article 290
Bollini et al. Neural Responses from an Hemianopic Field
REFERENCES
Ajina, S., and Bridge, H. (2016). Blindsight and unconscious vision: what they teach
us about the human visual system. Neuroscientist. 23, pii: 1073858416673817.
doi: 10.1177/1073858416673817
Ajina, S., Kennard, C., Rees, G., and Bridge, H. (2015a). Motion area V5/MT+
response to global motion in the absence of V1 resembles early visual cortex.
Brain 138, 164–178. doi: 10.1093/brain/awu328
Ajina, S., Pestilli, F., Rokem, A., Kennard, C., and Bridge, H. (2015b). Human
blindsight is mediated by an intact geniculo-extrastriate pathway. Elife 4:pii:
e08935. doi: 10.7554/eLife.08935
Ajina, S., Rees, G., Kennard, C., and Bridge, H. (2015c). Abnormal contrast
responses in the extrastriate cortex of blindsight patients. J. Neurosci. 35,
8201–8213. doi: 10.1523/JNEUROSCI.3075-14.2015
Azzopardi, P., and Cowey, A. (2001). Motion discrimination in cortically blind
patients. Brain. 124, 30–46. doi: 10.1093/brain/124.1.30
Bagattini, C., Mazzi, C., and Savazzi, S. (2015). Waves of awareness for
occipital and parietal phosphines perception. Neuropsychologia 70, 114–125.
doi:10.1016/j.neuropsychologia.2015.02.021
Barbur, J. L., Watson, J. D., Frackowiak, R. S., and Zeki, S. (1993). Conscious visual
perception without V1. Brain 116(Pt 6), 1293–1302.
Barleben, M., Stoppel, C. M., Kaufmann, J., Merkel, C., Wecke, T., Goertler, M.,
et al. (2015). Neural correlates of visual motion processing without awareness
in patients with striate cortex and pulvinar lesions. Hum. Brain Mapp. 36,
1585–1594. doi: 10.1002/hbm.22725
Bell, A. J., and Sejnowski, T. J. (1995). An information-maximization
approach to blind separation and blind deconvolution. Neural Comput. 7,
1129–1159.
Benjamini, Y., and Yekutieli, D. (2001). The control of the false discovery rate in
multiple testing under dependency. Ann. Stat. 29, 1165–1188.
Brainard, D. H. (1997). The psychophysics toolbox. Spat. Vis. 10, 433–436.
Brignani, D., Guzzon, D., Marzi, C. A., and Miniussi, C. (2009). Attentional
orienting induced by arrows and eye-gaze compared with an endogenous
cue. Neuropsychologia 47, 370–381. doi: 10.1016/j.neuropsychologia.2008.
09.011
Celeghin, A., Barabas, M., Mancini, F., Bendini, M., Pedrotti, E., Prior, M.,
et al. (2015b). Speeded manual responses to unseen visual stimuli in
hemianopic patients: what kind of blindsight? Conscious. Cogn. 32, 6–14.
doi: 10.1016/j.concog.2014.07.010
Celeghin, A., Savazzi, S., Barabas, M., Bendini, M., and Marzi, C. A.
(2015a). Blindsight is sensitive to stimulus numerosity and configuration:
evidence from the redundant signal effect. Exp. Brain Res.. 233, 1617–1623.
doi: 10.1007/s00221-015-4236-6
Chokron, S., Perez, C., and Peyrin, C. (2016). Behavioral consequences and
cortical reorganization in homonymous hemianopia. Front. Syst. Neurosci.
10:57. doi: 10.3389/fnsys.2016.00057
Cowey, A. (2010). The blindsight saga. Exp. Brain Res. 200, 3–24.
doi: 10.1007/s00221-009-1914-2
Crawford, J. R., and Garthwaite, P. H. (2005). Testing for suspected impairments
and dissociations in single-case studies in neuropsychology: evaluation of
alternatives using Monte Carlo simulations and revised tests for dissociations.
Neuropsychology 19, 318–331. doi: 10.1037/0894-4105.19.3.318
Danckert, J., and Rossetti, Y. (2005). Blindsight in action: what can the different
sub-types of blindsight tell us about the control of visually guided actions?
Neurosci. Biobehav. Rev. 29, 1035–1046. doi: 10.1016/j.neubiorev.2005.02.001
Dehaene, S., and Naccache, L. (2001). Towards a cognitive neuroscience of
consciousness: basic evidence and a workspace framework. Cognition 79, 1–37.
doi: 10.1016/S0010-0277(00)00123-2
Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis. J.
Neurosci. Methods. 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009
Di Lollo, V., Enns, J. T., and Rensink, R. A. (2000). Competition for consciousness
among visual events: the psychophysics of reentrant visual processes. J. Exp.
Psychol. Gen. 129, 481–507. doi: 10.1037/0096-3445.129.4.481
Efron, B., and Tibshirani, R. J. (1993). An Introduction to the Bootstrap. New York,
NY: Chapman Hall.
Ffytche, D. H., Guy, C. N., and Zeki, S. (1996). Motion specific responses from a
blind hemifield. Brain 119(Pt 6), 1971–1982.
Ffytche, D. H., and Zeki, S. (2011). The primary visual cortex, and feedback
to it, are not necessary for conscious vision. Brain 134(Pt 1), 247–257.
doi: 10.1093/brain/awq305
Friston, K. (2008). Hierarchical models in the brain. PLoS Comput. Biol.
4:e1000211. doi: 10.1371/journal.pcbi.1000211
Fuchs, M., Wagner, M., and Kastner, J. (2001). Boundary element method volume
conductor models for EEG source reconstruction. Clin. Neurophysiol. 112,
1400–1407. doi: 10.1016/S1388-2457(01)00589-2
Georgy, L., Celeghin, A., Marzi, C. A., Tamietto, M., and Ptito, A.
(2016). The superior colliculus is sensitive to gestalt-like stimulus
configuration in hemispherectomy patients. Cortex 81, 151–161.
doi: 10.1016/j.cortex.2016.04.018
Hagan, M. A., Rosa, M. G., and Lui, L. L. (2016). Neural plasticity following lesions
of the primate occipital lobe: the marmoset as an animal model for studies of
blindsight. Dev. Neurobiol. 77, 314–327. doi: 10.1002/dneu.22426
Jeffreys, D. A., and Axford, J. G. (1972). Source locations of pattern-specific
components of human visual evoked potentials. I. Component of striate cortical
origin. Exp. Brain Res. 16, 1–21.
Kaernbach, C., Schröger, E., Jacobsen, T., and Roeber, U. (1999). Effects of
consciousness on human brain waves following binocular rivalry. Neuroreport
10, 713–716.
Kavcic, V., Triplett, R. L., Das, A., Martin, T., and Huxlin,K.R. (2015). Role
of inter-hemispheric transfer in generating visual evoked potentials
in V1-damaged brain hemispheres. Neuropsychologia 68, 82–93.
doi: 10.1016/j.neuropsychologia.2015.01.003
Kenemans, J. L., Kok, A., and Smulders, F. T. (1993). Event-related potentials to
conjunctions of spatial frequency and orientation as a function of stimulus
parameters and response requirements. Electroencephalogr. Clin. Neurophysiol.
88, 51–63.
Koch, C., Massimini, M., Boly, M., and Tononi, G. (2016). Neural correlates
of consciousness: progress and problems. Nat. Rev. Neurosci. 17, 307–321.
doi: 10.1038/nrn.2016.22
Koivisto, M., and Grassini, S. (2016). Neural processing around 200 ms after
stimulus-onset correlates with subjective visual awareness. Neuropsychologia
84, 235–243. doi: 10.1016/j.neuropsychologia.2016.02.024
Koivisto, M., Salminen-Vaparantam, N., Grassini, S., and Revonsuo, A. (2016).
Subjective visual awareness emerges prior to P3. Eur. J. Neurosci. 43,
1601–1611. doi: 10.1111/ejn.13264
Koivisto, M., and Rientamo, E. (2016). Unconscious vision spots the animal but
not the dog: masked priming of natural scenes. Conscious Cogn. 41, 10–23.
doi: 10.1016/j.concog.2016.01.008
Lamme, V. (2010). How neuroscience will change our view on consciousness.
Cognit. Neurosci. 1, 204–240. doi: 10.1080/17588928.2010.497585
Lamme, V. A., and Roelfsema, P. R. (2000). The distinct modes of vision offered
by feedforward and recurrent processing. Trends Cogn. Neurosci. 23, 571–579.
doi: 10.1016/S0166-2236(00)01657-X
Lee, C., Miyakoshi, M., Delorme, A., Cauwenberghs, G., and Makeig,
S. (2015). Non-parametric group-level statistics for source-resolved
ERP analysis. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2015, 7450–7453.
doi: 10.1109/EMBC.2015.7320114
Lee, T. W., Girolami, M., and Sejnowski, T. J. (1999). Independent component
analysis using an extended infomax algorithm for mixed subgaussian and
supergaussian sources. Neural Comput..11, 417–441.
Leh, S. E., Ptito, A., Schönwiesner, M., Chakravarty, M. M., and Mullen, K. T.
(2010). Blindsight mediated by an S-cone-independent collicular pathway: an
fMRI study in hemispherectomized subjects. J. Cogn. Neurosci. 22, 670–682.
doi: 10.1162/jocn.2009.21217
Leopold, D. A. (2012). Primary visual cortex: awareness and blindsight. Annu. Rev.
Neurosci. 35, 91–109. doi: 10.1146/annurev-neuro-062111-150356
Macpherson, F. (2015). The structure of experience, the nature of the visual, and
type 2 blindsight. Consc. Cogn. 32, 104–128. doi: 10.1016/j.concog.2014.10.011
Makeig, S., Bell, A. J., Jung, T. P., and Sejnowski, T. J. (1996). Independent
component analysis of electroencephalographic data. Adv. Neural Inf. Process.
Syst. 8, 145–151.
Makeig, S., Westerfield, M., Townsend, J., Jung, T. P., Courchesne, E., and
Sejnowski, T. J. (1999). Functionally independent components of early event-
related potentials in a visual spatial attention task. Philos. Trans. R. Soc. Lond,.
B. Biol. Sci. 354, 1135–1144.
Frontiers in Neuroscience | www.frontiersin.org 13 May 2017 | Volume 11 | Article 290
Bollini et al. Neural Responses from an Hemianopic Field
Mangun, G. R. (1995). Neural mechanisms of visual selective attention.
Psychophysiology 32, 4–18.
Martens, S., Munneke, J., Smid, H., and Johnson, A. (2006). Quick minds don’t
blink: electrophysiological correlates of individual differences in attentional
selection. J. Cogn. Neurosci. 18, 1423–1438. doi: 10.1162/jocn.2006.18.9.1423
Martin, T., Das, A., and Huxlin, K. R. (2012). Visual cortical activity reflects faster
accumulation of information from cortically blind fields. Brain. 135(Pt 11),
3440–3452. doi: 10.1093/brain/aws272
Marzi, C. A., Bisiacchi, P., and Nicoletti, R. (1991). Is interhemispheric transfer
of visuomotor information asymmetric? Evidence from a meta-analysis.
Neuropsychologia 34, 1163–1177.
Mazzi, C., Bagattini, C., and Savazzi, S. (2016). Blind-Sight vs. Degraded-
Sight: different measures tell a different story. Front Psychol. 7:901.
doi: 10.3389/fpsyg.2016.00901
Mazzi, C., Mancini, F., and Savazzi, S. (2014). Can IPS reach visual awareness
without V1? Evidence from TMS in healthy subjects and hemianopic patients.
Neuropsychologia 64, 134–144. doi: 10.1016/j.neuropsychologia.2014.09.026
Milner, A. D. (1998). Insights into blindsight. Trends Cogn. Sci. 2, 237–238.
doi: 10.1016/S1364-6613(98)01185-1
Panagiotaropoulos, T., Kapoor, V., and Logothetis, N. K. (2014). Subjective
visual perception: from local processing to emergent phenomena of
brain activity. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369:20130534.
doi: 10.1098/rstb.2013.0534
Pascual-Marqui, R. D., Esslen, M., Kochi, K., and Lehmann, D. (2002). “Functional
mapping of electric neuronal activity with zero localization error: standardized
low resolution brain electromagnetic tomography (sLORETA),” in Presented at
the 8th International Conference on Functional Mapping of the Human Brain
(Sendai).
Poeppel, E., Held, R., and Frost, D. (1973). Residual visual function after brain
wounds involving the central visual pathways in man. Nature 243, 295–296.
Potts, G. F., Liotti, M., Tucker, D. M., and Posner, M. I. (1996). Frontal
and inferior temporal cortical activity in visual target detection: evidence
from high spatially sampled event-related potentials. Brain Topogr. 0.9, 3–14.
doi: 10.1007/BF01191637
Potts, G. F., and Tucker, D. M. (2001). Frontal evaluation and posterior
representation in target detection. Brain Res. Cogn. Brain Res. 11, 147–156.
doi: 10.1016/S0926-6410(00)00075-6
Ptito, A., and Leh, S. E. (2007). Neural substrates of blindsight after
hemispherectomy. Neuroscientist 13, 506–518. doi: 10.1177/1073858407
300598
Railo, H., Koivisto, M., and Revonsuo, A. (2011). Tracking the processes
behind conscious perception: a review of event-related potential
correlates of visual consciousness. Conscious. Cogn. 20, 972–983.
doi: 10.1016/j.concog.2011.03.019
Riddoch, G. (1917). Dissociation of visual perceptions due to occipital
injuries, with especial reference to appreciation of movement. Brain 40,
15–57.
Roeber, U., and Schröger, E. (2004). Binocular rivalry is partly resolved
at early processing stages with steady and with flickering presentation:
a human event-related brain potential study. Neurosci. Lett. 371, 51–55.
doi: 10.1016/j.neulet.2004.08.038
Schmid, M. C., and Maier, A. (2015). To see or not to see – Thalamo-cortical
networks during blindsight and perceptual suppression. Progr. Neurobiol. 126,
36–48. doi: 10.1016/j.pneurobio.2015.01.001
Sergent, C., Baillet, S., and Dehaene, S. (2005). Timing of the brain events
underlying access to consciousness during the attentional blink. Nat. Neurosci.
8, 1391–1400. doi: 10.1038/nn1549
Shafto, J. P., and Pitts, M. A. (2015). Neural signatures of conscious face perception
in an inattentional blindness paradigm. J. Neurosci. 35, 10940–10948.
doi: 10.1523/JNEUROSCI.0145-15.2015
Shefrin, S. L., Goodin, D. S., and Aminoff, M. J. (1988). Visual evoked potentials in
the investigation of “blindsight.” Neurology 38, 104–109.
Silvanto, J., Cowey, A., Lavie, N., and Walsh, V. (2007).
Making the blindsighted see. Neuropsychologia 45, 3346–3350.
doi: 10.1016/j.neuropsychologia.2007.06.008
Stoerig, P., and Cowey, A. (1997). Blindsight in man and monkey. Brain 120,
535–559.
Tagliabue, C. F., Mazzi, C., Bagattini, C., and Savazzi, S. (2016). Early local activity
in temporal areas reflects graded content of visual perception. Front. Psychol.
7:572. doi: 10.3389/fpsyg.2016.00572
Tamietto, M., and Morrone, M. C. (2016). Visual plasticity: blindsight bridges
anatomy and function in the visual system. Curr. Biol. 26, R70–R73.
doi: 10.1016/j.cub.2015.11.026
Tomaiuolo, F., Ptito, M., Marzi, C. A., Paus, T., and Ptito, A. (1997). Blindsight
in hemispherectomized patients as revealed by spatial summation across the
vertical meridian. Brain 120, 795–803.
Tong, F. (2003). Primary visual cortex and visual awareness. Nat. Rev. Neurosci. 4,
219–229. doi: 10.1038/nrn1055
Urbanski, M., Coubard, O. A., and Bourlon, C. (2014). Visualizing the blind
brain: brain imaging of visual field defects from early recovery to rehabilitation
techniques. Front. Integr. Neurosci. 8:74. doi: 10.3389/fnint.2014.00074
Weiskrantz, L. (2004). Roots of blindsight. Prog. Brain Res. 144, 229–241.
doi: 10.1016/S0079-6123(03)14416-0
Weiskrantz, L. (2009). Is blindsight just degraded normal vision? Exp. Brain Res.
192, 413–416. doi: 10.1007/s00221-008-1388-7
Weiskrantz, L., Warrington, E. K., Sanders, M. D., and Marshall, J. (1974). Visual
capacity in the hemianopic field following a restricted occipital ablation. Brain
97, 709–728.
Zeki, S., and Ffytche, D. H. (1998). The Riddoch syndrome: insights into the
neurobiology of conscious vision. Brain. 121, 25–45.
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Bollini, Sanchez-Lopez, Savazzi and Marzi. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Neuroscience | www.frontiersin.org 14 May 2017 | Volume 11 | Article 290
